Key Points {#FPar1}
==========

As methotrexate and the Janus kinase inhibitor peficitinib may be coadministered in patients with rheumatoid arthritis, it is important to examine any potential drug--drug interactions.This phase I, open-label, short-term study demonstrated that the two drugs do not affect the pharmacokinetic profile of each other in patients with rheumatoid arthritis.The coadministration of methotrexate and peficitinib appeared well tolerated, and no abnormalities in laboratory findings, vital signs, or electrocardiogram results were observed.

Introduction {#Sec1}
============

Rheumatoid arthritis (RA) is an inflammatory auto-immune disease, with a prevalence of 0.5--1% worldwide \[[@CR1]\]. Guidelines recommend conventional synthetic disease-modifying antirheumatic drugs (DMARDs), such as methotrexate, as first-line treatment in patients with established RA \[[@CR2], [@CR3]\]. Methotrexate, in particular, is often considered an anchor drug for treating patients with RA, both alone and in combination with other medications \[[@CR2], [@CR3]\]. Despite advances over the past decade, currently available therapies for RA may not be efficacious or tolerable for some patients \[[@CR1], [@CR4]\], and there is a need for new targeted therapies to treat this disease.

The Janus kinase (JAK) family of enzymes (JAK1, JAK2, JAK3, and tyrosine kinase 2) plays a key role in cytokine signaling and has been identified as a target for new RA therapies \[[@CR5]\]. JAK1, JAK2, and tyrosine kinase 2 are expressed ubiquitously; however, JAK3 is mainly expressed in lymphocytes (e.g., natural killer cells, T cells) \[[@CR6], [@CR7]\]. Following interleukin-2 stimulation, JAK3 phosphorylates and activates the signal transducer and activator of transcription-5, which then plays a role in T-cell activation \[[@CR8], [@CR9]\]. Because of its role in erythropoiesis, JAK2 inhibition is associated with several hematologic adverse events (AEs) \[[@CR10]\]. Agents that selectively inhibit JAK1 and/or 3 could thus minimize JAK2-related hematopoietic AEs, such as anemia \[[@CR11], [@CR12]\].

Several JAK inhibitors, including tofacitinib, baricitinib, and peficitinib, have now been licensed for the treatment of patients with RA \[[@CR13], [@CR14]\]. Peficitinib (ASP015K; Smyraf^®^) is a pan-JAK inhibitor with half-maximal inhibitory concentration (IC~50~) values of 3.9, 5.0, 0.7, and 4.8 nM for JAK1, JAK2, JAK3, and tyrosine kinase 2, respectively \[[@CR15]\]. The 2017 European League Against Rheumatism recommendations include JAK inhibitors or biological DMARDs for use in patients who do not respond to first-line therapy with conventional synthetic DMARDs \[[@CR3]\], and coadministration of peficitinib with methotrexate is likely to be common in clinical practice. A drug--drug interaction study is therefore important to elucidate the potential for interactions between peficitinib and methotrexate when these drugs are coadministered.

In humans, over 80% of a methotrexate dose is excreted unchanged in urine over 24 h; within the kidney, the drug is filtered by the glomeruli and then undergoes tubular secretion and reabsorption \[[@CR16]\]. Methotrexate is partly oxidized by hepatic aldehyde oxidase to form 7-hydroxymethotrexate \[[@CR17]\]. Methotrexate is a substrate of several membrane transporters located in the renal tubule, including multidrug resistance-associated proteins 2 and 4 (MRP2/4), breast cancer resistance protein (BCRP, also known as ABCG2), and organic anion transporters 1 and 3 (OAT1/3) \[[@CR16], [@CR18]--[@CR20]\]. Breast cancer resistance protein is also expressed in the intestinal epithelium and has a role in methotrexate absorption \[[@CR18], [@CR21]\]. The main clearance mechanism for peficitinib is hepatic metabolism, predominantly via sulfate and methyl conjugation \[[@CR14]\]. In healthy male subjects, over 65% of an oral dose has been reported to undergo metabolism \[[@CR22]\]. Approximately 37% of the oral dose was excreted in urine (14% of the dose was excreted unchanged), and approximately 57% was excreted in feces suggesting possible biliary excretion \[[@CR22]\].

Here, we report findings from a clinical study, for which the primary objective was to evaluate the effect of peficitinib 100 mg twice daily (BID) on the pharmacokinetics of once-weekly oral methotrexate 15--25 mg. Secondary objectives were to evaluate the effect of methotrexate on steady-state pharmacokinetics of peficitinib, and to evaluate the safety and tolerability of coadministration of the two drugs in patients with RA. The clinical study was supported by in vitro studies that investigated the potential inhibitory effects of peficitinib on MRP2/4-, BCRP-, and OAT1/3-mediated transport; these studies identified an inhibitory effect of peficitinib on BCRP and OAT3 (Electronic Supplementary Material).

Patients and Methods {#Sec2}
====================

Patients {#Sec3}
--------

Sixteen male or female patients with RA and currently receiving methotrexate were to be enrolled in the study. Female patients of child-bearing potential were not allowed to participate. Patients were eligible for the study if they were aged 18--65 years, had a body mass index ≤ 35 kg/m^2^, and had a clinical diagnosis of RA for ≥ 6 months before screening. Patients had to have been treated with methotrexate at a stable dose of 15--25 mg once weekly for ≥ 28 days before study entry. Women who were enrolled had to be ≥ 2 years post-menopausal or surgically sterile. Men had to agree to sexual abstinence and/or use a highly effective method of birth control during the study period and for 60 days after the last dose of the study drug. Patients were excluded if they were currently receiving a biologic DMARD; had received a live virus vaccination ≤ 30 days prior to study drug administration; or had any clinically significant illness, medical condition, or laboratory abnormality that the investigator deemed significant enough to prevent the patient from participating. Patients were also excluded if they had any of the following: a history of anemia (as defined by hemoglobin \< 12 g/dL); absolute neutrophil count \< 2500 cells/mm^3^; liver enzyme test abnormalities; or alanine aminotransferase, aspartate aminotransferase, or total bilirubin two or more times the upper limit of normal.

Study Design {#Sec4}
------------

This was an open-label, single-sequence, drug interaction study with oral peficitinib (100 mg) BID and once-weekly oral methotrexate (15--25 mg) \[ClinicalTrials.gov Identifier: NCT01754805\]. The study was conducted at a single site in the USA (Pinnacle Research Group/Anniston Medical Clinic, Anniston, AL, USA) from January 2010 to March 2010. The study protocol and the consent form were approved by an independent institutional review board (Quorum Review Institutional Review Board, Seattle, WA, USA) and conducted in accordance with the Declaration of Helsinki and applicable laws and regulations. All patients provided written informed consent.

Three treatment periods were defined in this drug--drug interaction study (Fig. [1](#Fig1){ref-type="fig"}). Patients received all treatments in the fed state, and study drugs were swallowed whole with 240 mL of water. On Day 1, patients received their usual prescribed morning methotrexate dose. Starting on Day 3 through to the morning of Day 9, patients received peficitinib 100 mg BID with doses approximately 12 h apart; a second prescribed dose of methotrexate in combination with peficitinib was given on the morning of Day 8. Timing of administration of doses was consistent for the duration of the study \[[@CR23], [@CR24]\]. The 100-mg BID dose of peficitinib selected for this study was expected to provide 33% higher exposure \[area under the concentration--time curve (AUC)\] than 150 mg once daily, and 100% higher exposure than 100 mg once daily, thereby maximizing the potential to detect drug--drug interactions and assess tolerability.Fig. 1Treatment periods used for drug--drug interaction study and analyses. *BID* twice daily. Patients received their usual prescribed methotrexate dose (15--25 mg) on Day 1 and a second prescribed dose on Day 8

Assessments {#Sec5}
-----------

Blood samples (4 mL) for determining concentrations of methotrexate and its metabolite, 7-hydroxymethotrexate, were collected in 4-mL lithium heparin vacutainer tubes pre-dose on Day 1 (methotrexate alone) and Day 8 (methotrexate plus peficitinib) and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h post-dose on each day. Blood samples (2 mL) for determining peficitinib concentrations were collected in 2-mL K3 EDTA vacutainer tubes prior to the morning dose (*C*~trough~) on Days 3, 4, 5, 6, 7, 8, and 9. Blood samples (2 mL) were also collected at 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 12 h post-dose on Day 7 (peficitinib alone) and Day 8 (methotrexate plus peficitinib). Plasma was harvested within 60 min of blood sampling and stored at -- 80 °C prior to analysis with liquid chromatography-tandem mass spectrometry.

Bioanalytical Methods {#Sec6}
---------------------

Peficitinib was extracted by supported liquid extraction. Plasma samples (50 µL) were combined with an internal standard, d3-ASP015K, and extracted using methyl-*tert*-butyl ether under basic conditions. The extraction was performed in a 96-well format using supported liquid extraction plates. The elution solvent (methyl-*tert*-butyl ether) was evaporated. The residue was reconstituted and submitted to analysis by liquid chromatography-tandem mass spectrometry. Separation was achieved on a Betasil Silica-100 column (5 µm, 50 × 3 mm; Thermo Scientific, Waltham, MA, USA) with a mobile phase composed of water:acetonitrile:acetic acid:trifluoroacetic acid. The analytes were monitored on a Sciex API4000 (Applied Biosystems, Redwood City, CA, USA) using a positive ion spray. The transitions monitored were m/z 327.14 → 160.20 for peficitinib and m/z 329.99 → 163.20 for the internal standard. The concentrations of peficitinib were calculated using peak area ratios (analyte/internal standard). The calibration curves were generated using a linear regression with a weighting of 1/*x*^2^ and the range was 0.250 (lower limit of quantification) to 250 ng/mL (upper limit of quantification). The precision (% coefficient of variation) was \< 8.6% and the accuracy ranged from − 4.0 to 8.2% relative error.

Analysis of plasma concentrations of methotrexate and 7-hydoxymethotrexate was performed using a validated high-performance liquid chromatography coupled with tandem mass spectrometric detection method by *Q*^2^ Solutions (Bioanalytical Laboratories, Ithaca, New York, NY, USA \[formerly Advion Bioservices\]). The lower limit of quantification for methotrexate and 7-hydroxymethotrexate was 1.0 ng/mL with 200 μL of plasma via a solid phase extraction (method on file). Concentrations were calculated using peak area ratios (analyte/internal standard). The calibration curves were generated using a linear regression line with a weighting of 1/*x*^2^ and the ranges for methotrexate and 7-hydroxymethotrexate were 1--1000 ng/mL and 1--150 ng/mL, respectively. The precision (% coefficient of variation) was \< 5.2% and the accuracy ranged from − 7.0 to 0.7% relative error.

No significant interference was observed in the chromatographic region of interest for the analytes in their respective methods when their respective quality control samples were fortified with the co-administered analyte(s). Study samples measuring over the upper limit of quantification were repeated using up to 20-fold dilution for peficitinib and up to 10-fold dilution for both methotrexate and 7-hydroxymethotrexate.

Pharmacokinetic Analysis {#Sec7}
------------------------

Pharmacokinetic parameters were calculated using non-compartmental methods (WinNonlin^®^ Professional, version 5.3; Pharsight Corporation, Mountain View, CA, USA) from individual patient plasma concentration--time profiles. For methotrexate, the maximum observed concentration (*C*~max~), time to reach *C*~max~ (*t*~max~), and AUC from time zero to last measurable concentration (AUC~last~) and from time zero to infinity (AUC~inf~) were calculated after each dose of methotrexate on Days 1 and 8, and the half-life calculated. Plasma concentrations of its active metabolite 7-hydroxymethotrexate were also measured. As patients received individualized doses of methotrexate, pharmacokinetic parameters were normalized by dose. For peficitinib, *C*~max~, *t*~max~, and AUC within a 12-h dosing interval (AUC~12~) on Days 7 and 8 were assessed. The primary study variables were AUC~inf~ and *C*~max~ of methotrexate. Area under the concentration--time curves were calculated using the linear-log trapezoidal method. The linear trapezoidal method was used when concentrations were increasing and the logarithmic trapezoidal method was used when concentrations were decreasing.

Safety Assessments {#Sec8}
------------------

Safety was assessed by monitoring of reported AEs, 12-lead electrocardiogram measurements, vital signs, clinical laboratory evaluations, and physical examinations. A serious AE (SAE) was defined as one that was considered medically important, was life threatening, or resulted in any of the following: death, persistent or significant disability/incapacity, a congenital anomaly or birth defect, hospitalization of the patient, or prolongation of hospitalization.

Statistical Analyses {#Sec9}
--------------------

No formal power analysis was performed to determine the sample size for the study. Based on clinical judgment, a sample size of 16 patients with RA was thought to be reasonable to assess the effect of peficitinib on the pharmacokinetics of methotrexate and to evaluate the safety and tolerability of coadministration of peficitinib and methotrexate. All data analyses were performed using SAS^®^ version 9.1.

To assess the effect of multiple doses of peficitinib on the pharmacokinetics of methotrexate, a 90% confidence interval (CI) was constructed for the ratio of geometric means of plasma AUC~inf~ and *C*~max~ of methotrexate with peficitinib (Day 8) vs methotrexate alone (Day 1), based on a mixed-effects model of natural logarithm-transformed AUC~inf~ and *C*~max~, with treatment as a fixed effect and patient as a random effect. The least-square mean difference of Day 8 vs Day 1 (and associated 90% CI) were back-transformed to the original scale to obtain the geometric mean and 90% CI for these ratios. Peficitinib was deemed to have no effect on the pharmacokinetics of methotrexate if the 90% CI for both AUC~inf~ and *C*~max~ ratios fell between 0.80 and 1.25.

To assess the effect of methotrexate on the steady-state pharmacokinetics of peficitinib, a similar model was used, and the 90% CI was constructed for the geometric mean ratio of plasma AUC~12~ and *C*~max~ of peficitinib with methotrexate (Day 8) vs peficitinib alone (Day 7). The attainment of steady state for peficitinib was assessed using *C*~trough~ on Days 4--8. Using an analysis of variance model of natural logarithm-transformed *C*~trough~, with day as a fixed effect and patient as a random effect, a contrast test was performed for Day 4 vs the average of trough values on Days 5--8. Steady state was concluded if the *p* value for the contrast was \> 0.05. If steady state was not established, the contrast was repeated with the next day vs the average of the trough concentrations beyond the next day.

Safety variables were summarized using frequency and descriptive statistics. Adverse events were coded using the *Medical Dictionary for Regulatory Activities*, version 11.1.

Results {#Sec10}
=======

Patient Disposition and Demographics {#Sec11}
------------------------------------

A total of 15 patients enrolled in the study and were included in the safety analysis. Of the 15 patients, ten received two 15-mg once-weekly doses of methotrexate during the study and the remainder received higher doses (i.e., 17.5 mg \[*n* = 2\], 20 mg \[*n* = 2\], 25 mg \[*n* = 1\] once weekly). One female patient withdrew from the study because of an SAE on Day 1 (see Sect. [3.3](#Sec15){ref-type="sec"}), leaving a total of 14 patients who completed the study (Fig. [2](#Fig2){ref-type="fig"}). Baseline demographics are shown in Table [1](#Tab1){ref-type="table"}. In addition to drugs used by most patients (such as detoxifying agents, folic acid, systemic anti-psoriatic drugs, other immunosuppressants, and gynecological agents), the most frequent concomitant medications were anilides (e.g., acetanilides, benzanilides, salicylanilides; 60% of patients) followed by calcium in combination with other drugs, locally acting corticosteroids, glucocorticoids, and proton pump inhibitors (40% of patients for each).Fig. 2Patient flow through the study. *AE* adverse event, *PKAS* pharmacokinetic analysis set, *SAF* safety analysis setTable 1Summary of demographics and baseline characteristics of all patients enrolled^a^CharacteristicsValueNumber of patients15Sex, *n* (%) Men4 (27) Women11 (73)Race, *n* (%) White14 (93) Black or African American1 (7)Ethnicity, *n* (%) Not Hispanic or Latino13 (87) Hispanic or Latino2 (13)Age (years) Mean (SD)56.1 (8.0) Median (range)58.0 (35.0--64.0)Weight^b^ (kg) Mean (SD)69.7 (12.4) Median (range)70.5 (44.5--86.8)Body mass index^b^ (kg/m^2^) Mean (SD)25.0 (3.1) Median (range)25.9 (18.0--28.7)Patients must have been receiving a stable dose of methotrexate for ≥ 28 days before screening; during the study, they received their stable dose of methotrexate (15--25 mg once weekly; 15 mg \[*n* = 10\], 17.5 mg \[*n* = 2\], 20 mg \[*n* = 2\], 25 mg \[*n* = 1\]) on Day 1 (single dose) and Day 8 (single dose coadministered with peficitinib). Patients received peficitinib 100 mg BID on Day 3 through to the morning of Day 9*BID* twice daily, *SD* standard deviation^a^Safety analysis set, which included all patients who received at least one dose of the study drug. This included the one patient who discontinued before receiving any peficitinib^b^Weight at screening visit (used for the body mass index)

Pharmacokinetic Measurements {#Sec12}
----------------------------

### Peficitinib as a Potential Perpetrator of Pharmacokinetic Drug--Drug Interactions with Methotrexate {#Sec13}

The mean (± standard error) dose-normalized plasma concentration--time profiles of methotrexate (potential victim drug) were similar with (Day 8) and without (Day 1) coadministration of peficitinib (potential perpetrator drug) (Fig. [3](#Fig3){ref-type="fig"}a). Pharmacokinetic results for methotrexate on Days 1 and 8 are shown in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. The *t*~max~ and dose-normalized *C*~max~, AUC~inf~, and AUC from time zero to last measurable concentration for methotrexate were comparable when administered with or without peficitinib (Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}). Statistical analyses confirmed that there was no significant effect of multiple doses of peficitinib on the pharmacokinetics of methotrexate (Table [4](#Tab4){ref-type="table"}). The 90% CI for the geometric mean ratio of methotrexate *C*~max~ and AUC~inf~ on Day 8 (methotrexate plus peficitinib) vs Day 1 (methotrexate alone) fell within the predefined no-effect range of 80--125% (Table [4](#Tab4){ref-type="table"}).Fig. 3**a** Mean (± standard deviation) dose-normalized plasma methotrexate concentration--time profile on Days 1 (alone) and 8 (in combination with peficitinib). **b** Mean (± standard deviation) plasma peficitinib concentration vs time profile on Days 7 (peficitinib alone) and 8 (in combination with methotrexate). Concentrations below the lower limit of quantification (methotrexate = 1 ng/mL; peficitinib = 0.25 ng/mL) were set to 0Table 2Summary of dose-normalized pharmacokinetic parameters for methotrexateParameterDay 1\
Methotrexate^a^ alone (*n* = 15)Day 8\
Methotrexate + peficitinib^a^ (*n* = 14)^b^AUC~inf~/dose (h•ng/mL)/mg Mean (SD)122.5 (31.5)127.9 (40.9) Median (range)130.1 (57.7--163.6)137.4 (53.4--175.9)*C*~max~/dose (ng/mL)/mg Mean (SD)24.0 (7.2)21.8 (6.0) Median (range)25.0 (7.7--38.8)23.0 (8.1--31.7)AUC~last~/dose (h•ng/mL)/mg Mean (SD)121.6 (31.5)126.7 (40.9) Range129.2 (56.2--163.0)136.2 (52.0--175.1)*AUC* area under the concentration--time curve, *AUC*~*inf*~ area under the concentration--time curve from time zero to infinity, *AUC*~*last*~ area under the concentration--time curve from time zero to last measurable concentration, *BID* twice daily, *C*~*max*~ maximum observed concentration, *h* hours, *SD* standard deviation^a^Methotrexate (15--25 mg once weekly; 15 mg \[*n* = 10\], 17.5 mg \[*n* = 2\], 20 mg \[*n* = 2\], 25 mg \[*n* = 1\]) was administered on Days 1 and 8. Peficitinib (100 mg) was administered BID on Days 3--8, inclusive, and on the morning of Day 9^b^One patient experienced two serious adverse events and withdrew from the study; this patient did not receive peficitinibTable 3Summary of pharmacokinetic parameters for methotrexate and the metabolite 7-hydroxymethotrexate on Day 1 (alone) and Day 8 (in combination with peficitinib)ParameterMethotrexate7-HydroxymethotrexateDay 1\
Methotrexate alone^a^ (*n* = 15)Day 8\
Methotrexate + peficitinib^a^ (*n* = 14)^b^Day 1\
Methotrexate alone^a^ (*n* = 15)Day 8\
Methotrexate + peficitinib^a^ (*n* = 14)^b^AUC~inf~ (h•ng/mL) Mean (SD)2056.7 (658.7)2069.8 (656.1)1501.4 (792.5)1106.2 (753.0) Median (range)2150.9 (864.8--2866.4)2189.7 (801.3--3079.0)1451.4 (371.6--3639.5)907.0 (385.0--3414.0)*C*~max~ (ng/mL) Mean (SD)401.0 (135.4)357.0 (105.7)65.3 (28.4)41.8 (19.9) Median (range)411.3 (115.7--582.7)358.9 (121.9--523.3)64.9 (20.5--113.2)37.9 (18.1--92.2)*t*~max~ (h) Mean (SD)1.9 (0.9)1.8 (0.7)7.8 (2.4)10.0 (2.9) Median (range)1.5 (1.0--4.0)1.8 (0.5--4.0)6.0 (6.0--12.3)11.9 (4.0--12.0)*t*~½~ (h) Mean (SD)4.4 (1.7)5.6 (2.8)10.0 (2.1)12.4 (3.5)*AUC*~*inf*~ area under the concentration--time curve from time zero to infinity, *BID* twice daily, *C*~*max*~ maximum observed concentration, *h* hours, *SD* standard deviation, *t*~*½*~ apparent terminal elimination half-life, *t*~*max*~ time to maximum observed concentration^a^Methotrexate (15--25 mg once weekly; 15 mg \[*n* = 10\], 17.5 mg \[*n* = 2\], 20 mg \[*n* = 2\], 25 mg \[*n* = 1\]) was administered on Days 1 and 8. Peficitinib (100 mg) was administered BID on Days 3--8, inclusive, and on the morning of Day 9^b^One patient experienced two serious adverse events and withdrew from the study; this patient did not receive peficitinibTable 4Statistical analysis of pharmacokinetic interactions between peficitinib and methotrexateEffect of peficitinib on the pharmacokinetics of methotrexateGeometric mean^a^Geometric mean ratio (90% CI), %\
Methotrexate + peficitinib/methotrexate aloneMethotrexate alone Day 1 (*n* = 14)^b^Methotrexate + peficitinib Day 8 (*n* = 14) AUC~inf~ (h•ng/mL)1899.91951.1102.7 (93.0--113.4) *C*~max~ (ng/mL)365.9338.092.4 (83.1--102.8) Metabolite ratio^c^0.670.4872.7 (65.6--80.5)Effect of methotrexate on the pharmacokinetics of peficitinibGeometric mean^a^Geometric mean ratio (90% CI), %\
Methotrexate + peficitinib/peficitinib alonePeficitinib alone\
Day 7 (*n* = 14)^b^Methotrexate + peficitinib\
Day 8 (*n* = 14) AUC~12~ (h•ng/mL)958.4940.798.2 (91.0--105.8) *C*~max~ (ng/mL)255.5234.992.0 (78.2--108.1)*AUC*~*12*~ area under the concentration--time curve within a 12-hour dosing interval, *AUC*~*inf*~ area under the concentration--time curve from time zero to infinity, *CI* confidence interval, *C*~*max*~ maximum observed concentration, *h* hours^a^Exponentiated values of the least square mean from the mixed-effects model of the logarithm-transformed data^b^Analysis was based on patients who completed the study; one patient experienced two serious adverse events and withdrew from the study; this patient did not receive peficitinib^c^The metabolite ratio was defined as AUC~inf~(7-hydroxymethotrexate)/AUC~inf~(methotrexate)

Changes in methotrexate pharmacokinetic parameters (dose-normalized *C*~max~ and AUC~inf~) by peficitinib coadministration varied fourfold between individual patients. However, there was no trend toward a higher peficitinib exposure being associated with greater changes in methotrexate pharmacokinetic parameters (data not shown). Coadministration of methotrexate and peficitinib decreased the metabolite ratio, defined as AUC~inf~ (7-hydroxymethotrexate/AUC~inf~ (methotrexate), by approximately 27% (Table [4](#Tab4){ref-type="table"}). In addition, half-life values were larger for 7-hydroxymethotrexate than methotrexate, and were larger for both with coadministration of peficitinib (Table [3](#Tab3){ref-type="table"}).

### Methotrexate as a Potential Perpetrator of Pharmacokinetic Drug--Drug Interactions with Peficitinib {#Sec14}

Peficitinib plasma concentrations reached steady state by Day 5 as determined by the contrast test of peficitinib *C*~trough~ values, which showed no statistically significant difference on Day 5 vs the average *C*~trough~ on Days 6--8 (*p *= 0.8309). This result was as expected owing to the relatively short half-life of peficitinib. Mean (± standard error) plasma concentrations--time profiles of peficitinib (potential victim drug) with (Day 8) and without (Day 7) coadministration of methotrexate (potential perpetrator drug) are presented in Fig. [3](#Fig3){ref-type="fig"}b. Summaries of peficitinib plasma pharmacokinetic parameters (AUC~12~, *C*~max~, *t*~max~, *C*~trough~) with and without methotrexate are shown in Table [5](#Tab5){ref-type="table"}. Statistical analyses showed that there was no significant effect of methotrexate on peficitinib AUC~12~. The 90% CI for the geometric mean ratio of peficitinib AUC~12~ on Day 8 (methotrexate plus peficitinib) vs Day 7 (peficitinib alone) fell within the no-effect reference range of 80--125% (Table [4](#Tab4){ref-type="table"}). The geometric mean ratio of *C*~max~ showed that there was an 8% decrease of peficitinib *C*~max~ with methotrexate coadministration (Day 8) compared with peficitinib administered alone (Day 7), and the lower bound of the 90% CI (78.2%) was slightly outside the reference range (80--125%) (Table [4](#Tab4){ref-type="table"}).Table 5Summary of pharmacokinetic parameters for peficitinibParameterDay 7\
Peficitinib alone^a^ (*n* = 14)Day 8\
Peficitinib + methotrexate^a^ (*n* = 14)^b^AUC~12~ (h•ng/mL) Mean (SD)1009.7 (330.5)1009.4 (366.2) Median (range)931.5 (465.2--1645.6)984.3 (386.6--1717.3)*C*~max~ (ng/mL) Mean (SD)266.3 (78.8)253.2 (87.9) Median (range)261.2 (156.5--389.4)270.8 (78.4--404.7)*t*~max~ (h) Mean (SD)1.9 (0.8)2.2 (1.8) Median (range)1.5 (1.0--3.0)1.8 (0.6--8.1)*C*~trough,\ AM~ (ng/mL) Mean (SD)37.0 (45.4)29.9 (29.7) Median (range)18.5 (2.2--178.5)17.9 (3.3--97.5)*AUC*~*12*~ area under the concentration--time curve within a 12-hour dosing interval, *C*~*max*~ maximum observed concentration, *C*~*trough,AM*~ trough plasma concentration in the morning, *h* hours, *SD* standard deviation, *t*~*max*~ time to maximum observed concentration^a^Methotrexate (15--25 mg once weekly; 15 mg \[*n* = 10\], 17.5 mg \[*n* = 2\], 20 mg \[*n* = 2\], 25 mg \[*n* = 1\]) was administered on Days 1 and 8. Peficitinib (100 mg) was administered BID on Days 3--8, inclusive, and on the morning of Day 9^b^One patient experienced two serious adverse events and withdrew from the study; this patient did not receive peficitinib

Safety {#Sec15}
------

Of 15 patients, five (33.3%) experienced one or more AEs when administered methotrexate 15--25 mg once weekly alone. Seven of 14 (50.0%) patients experienced one or more AEs when administered methotrexate 15--25 mg once weekly plus peficitinib 100 mg BID, and 7 of 14 (50.0%) patients experienced one or more AEs when administered peficitinib 100 mg BID alone. One patient experienced two SAEs before receiving peficitinib; one event (urinary tract infection) occurred before any dosing (methotrexate or peficitinib), and one event (gastroenteritis) occurred after the patient received methotrexate on Day 1. This patient was discontinued from the study. The most frequently reported AEs in this study were gastrointestinal disorders (Table [6](#Tab6){ref-type="table"}), with flatulence being reported solely with peficitinib use and nausea solely with methotrexate alone. Overall, 6 of 15 (40.0%) patients experienced AEs that were considered related to the study drug: 2 of 15 (13.3%) patients during the methotrexate-alone period, 4 of 14 (28.6%) patients in the peficitinib-alone period, and 2 of 14 (14.3%) patients during the methotrexate plus peficitinib period.Table 6Treatment-emergent adverse eventsAdverse eventsMethotrexate alone^a^ (*n* = 15)Peficitinib alone^b^ (*n* = 14)Methotrexate + peficitinib^c^ (*n* = 14)Patients who experienced ≥ 1 AE^d^ \[*n* (%)\]5 (33.3)7 (50.0)7 (50.0)Patients who experienced AEs considered to be related to the study drug^d^ \[*n* (%)\]2 (13.3)4 (28.6)2 (14.3)MedDRA preferred term \[*n* (%)\] Flatulence04 (28.6)1 (7.1) Muscle spasms1 (6.7)2 (14.3)1 (7.1) Nausea2 (13.3)00 Diarrhea1 (6.7)1 (7.1)1 (7.1) Headache1 (6.7)01 (7.1) Oropharyngeal pain01 (7.1)1 (7.1) Eructation01 (7.1)1 (7.1) Borderline glaucoma001 (7.1) Cataract001 (7.1) Conjunctival hemorrhage001 (7.1) Ocular hypertension001 (7.1) Glossodynia001 (7.1) Pharyngitis001 (7.1) Urinary tract infection001 (7.1) Retinal scar001 (7.1) Dry mouth01 (7.1)0 Abdominal distension1 (6.7)00 Sinus tachycardia1 (6.7)00 Dyspepsia1 (6.7)00 Gastroesophageal reflux disease1 (6.7)00 Vomiting1 (6.7)00 Pyrexia1 (6.7)00 Gastroenteritis^e^1 (6.7)00*AE* adverse event, *MedDRA* Medical Dictionary for Regulatory Activities^a^Methotrexate alone was Day 1 (after methotrexate dose) to Day 3 (before peficitinib dose)^b^Peficitinib alone was Day 3 (after peficitinib dose) to Day 8 (before methotrexate dose)^c^Methotrexate + peficitinib was Day 8 (after methotrexate dose) to the end of the study^d^Patients who experienced more than one AE were counted only once^e^The event of gastroenteritis was considered a serious AE that led to discontinuation from the study; one patient took only one dose of methotrexate and did not receive peficitinib. This patient also experienced a non-treatment-emergent serious AE of urinary tract infection before the first dose of methotrexate

There were no clinically meaningful changes from baseline for any of the clinical laboratory parameters (hematology, biochemistry, or urinalysis). No abnormal clinical laboratory values were reported as AEs and no patient discontinued from the study because of an abnormal laboratory value. Few potentially clinically relevant changes from baseline were observed in vital signs. Overall, there were 13 incidences of changes in systolic blood pressure (methotrexate alone, 4; peficitinib alone, 3; methotrexate plus peficitinib, 6), 24 incidences of changes in diastolic blood pressure (methotrexate alone, 7; peficitinib alone, 9; methotrexate plus peficitinib, 8), and 12 incidences of either high or low pulse rates (methotrexate alone, 2; peficitinib alone, 4; methotrexate plus peficitinib, 6). One patient experienced an AE of sinus tachycardia in conjunction with SAEs of urinary tract infection and gastroenteritis; this patient discontinued before receiving peficitinib (see above). No other changes in vital signs were reported as AEs. No clinically significant electrocardiogram findings were observed.

Discussion {#Sec16}
==========

This study indicates that peficitinib as a perpetrator had no significant effect on methotrexate pharmacokinetics when the two drugs were coadministered in patients with RA. Coadministration of methotrexate with peficitinib did decrease the metabolite ratio, defined as AUC~inf~(7-hydroxymethotrexate/AUC~inf~(methotrexate), by approximately 27%; however, this observed decrease in 7-hydroxymethotrexate exposure in the presence of peficitinib appears unlikely to affect the efficacy of methotrexate. The inhibitory activity of methotrexate on dihydrofolic acid reductase, the mechanism whereby methotrexate inhibits cell proliferation \[[@CR25]\], is 174-fold more potent than that of 7-hydroxymethotrexate \[[@CR26]\]. Methotrexate as a perpetrator had no significant effect on peficitinib AUC, and slightly decreased peficitinib *C*~max~ by 8%, which is not considered a clinically meaningful change.

The 2012 American College of Rheumatology guidelines on the use of DMARDs and biologic agents suggest that methotrexate monotherapy is not always sufficient to treat RA and combination therapy may be required \[[@CR2]\]. Therefore, studies of drug--drug interactions of methotrexate with other RA treatments are important. Our in vitro studies of the effect of peficitinib on known membrane transporters of methotrexate showed that there were no significant inhibitory effects of peficitinib on MRP2, MRP4, or OAT1; however, peficitinib did inhibit BCRP and OAT3 with IC~50~ values of 13.5 μmol/L and 5.01 μmol/L, respectively. In human plasma, 76--78% of peficitinib is bound to protein \[[@CR27]\]. The current clinical study showed that the individual maximum plasma *C*~max~ of peficitinib after 100 mg BID was 404.7 ng/mL, which corresponds to a maximum protein-unbound *C*~max~ of approximately 93.1 ng/mL (0.285 μmol/L). The estimated maximum unbound *C*~max~ was consequently less than one-tenth of the IC~50~ for OAT3, which suggests a low likelihood of an inhibitory effect on renal excretion in vivo based on US Food and Drug Administration guidance \[[@CR28]\].

Breast cancer resistance protein is present in the epithelium of the small intestine, colon, and kidney tubule \[[@CR18], [@CR21]\]. The estimated maximum *C*~max~ of unbound peficitinib in plasma (0.285 μmol/L) was approximately one-fiftieth of the IC~50~ for BCRP (13.5 μmol/L), suggesting a very low likelihood of an inhibitory effect on renal excretion in vivo based on US Food and Drug Administration guidance \[[@CR28]\]. The theoretical maximum gastrointestinal peficitinib concentration (following a dose of 100 mg of peficitinib dissolved in a volume of 250 mL of water) was estimated to be 0.4 mg/mL (1.23 mmol/L), which was \> 100-fold of the in vitro IC~50~ for BCRP inhibition. This would suggest a possible intestinal drug--drug interaction between peficitinib and methotrexate based on US Food and Drug Administration guidance \[[@CR28]\]. However, the pharmacokinetic measurements determined in the clinical study confirmed that coadministration of peficitinib and methotrexate had no significant effect on the pharmacokinetics of methotrexate in patients with RA. Furthermore, the clinical study showed that methotrexate had no significant effect on peficitinib AUC, although the *C*~max~ was decreased by 8%. In a previous clinical study in patients with psoriasis, peficitinib 50 mg once daily and 25 mg BID had similar efficacy, as measured by the reduction from baseline in the Psoriasis Area and Severity Index and the Physician Static Global Assessment score \[[@CR29]\]. Comparison of efficacy and pharmacokinetics from the psoriasis study suggests that the efficacy of peficitinib is unlikely to be associated with the *C*~max~. Therefore, the observed 8% decrease in *C*~max~ with methotrexate coadministration is not considered clinically relevant.

Methotrexate is largely excreted unchanged, with only partial oxidation by hepatic aldehyde oxidase to form 7-hydroxymethotrexate \[[@CR17]\]. In contrast, peficitinib undergoes extensive metabolism via sulfate and methyl conjugation in the liver \[[@CR14]\]. It is therefore unlikely that any metabolic drug--drug interactions contributed to the 27% reduction in 7-hydroxymethotrexate concentration and the 8% reduction in peficitinib *C*~max~ observed when peficitinib and methotrexate were coadministered.

The most frequently reported AEs associated with methotrexate alone include ulcerative stomatitis, leukopenia, nausea, and abdominal distress; other frequently reported AEs include malaise, fatigue, chills/fever, dizziness, and decreased resistance to infection \[[@CR30]\]. Liver function test abnormalities also are frequently observed in patients taking methotrexate \[[@CR31]\]. Findings from the current study suggest no additional or increased risk of these AEs with the addition of peficitinib to methotrexate.

In a pooled analysis of the safety of peficitinib from 13 phase I and II clinical trials in healthy volunteers and patients with psoriasis or RA, the AEs most often associated with peficitinib included headache, diarrhea, flatulence, neutropenia, nausea, abdominal pain, and vomiting \[[@CR32]\]. In the present short-term study, no additional tolerability issues were observed with the combination of peficitinib and methotrexate. No abnormalities in laboratory findings, vital signs, or electrocardiogram results were reported. Moreover, two large phase III clinical trials have recently reported that peficitinib alone or in combination with methotrexate or other DMARDs was generally well tolerated over 52 weeks of treatment \[[@CR23], [@CR24]\], with a safety profile consistent with other currently available JAK inhibitors \[[@CR33]--[@CR35]\] and short-term trials of peficitinib monotherapy \[[@CR32], [@CR36]\].

Previous studies have shown that tofacitinib did not significantly affect the pharmacokinetics of methotrexate and that methotrexate did not significantly affect the pharmacokinetics of tofacitinib \[[@CR37]\], which is in line with the results of this study. The efficacy and tolerability of tofacitinib in combination with methotrexate in patients with RA have been previously reported \[[@CR37]--[@CR39]\].

Although a limitation of the current study design is that period effects will be confounded with treatment effects, the pharmacokinetics of neither peficitinib nor methotrexate showed time dependency. Additional limitations of the study include the small sample size (*N* = 15) and short duration, which may limit the ability of the study to accurately assess the true incidence of AEs. Finally, pharmacokinetic parameters for methotrexate were dose normalized because patients received individualized doses of methotrexate (ten patients, 15 mg; five patients, \> 15 to ≤ 25 mg), although it has been reported that the clearance of methotrexate is increased at higher plasma concentrations \[[@CR40]\]. As the dose of methotrexate varied in this study, there is a possibility that methotrexate has a dose-dependent effect on lowering the *C*~max~ of peficitinib; however, visual examination of the methotrexate plasma concentration and dose-normalized plasma concentration shows few differences in concentration--time profiles.

Conclusions {#Sec17}
===========

Coadministration of peficitinib and methotrexate did not exhibit any new safety signals in this short-term clinical study, and coadministration had no clinically significant effect on the pharmacokinetic profile of either drug.
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